Disturbances in sleep/wake cycle are a common complaint of individuals with Huntington's disease (HD) and are displayed by HD mouse models. The underlying mechanisms, including the possible role of the circadian timing system, are not well established. The BACHD mouse model of HD exhibits disrupted behavioral and physiological rhythms, including decreased electrical activity in the central circadian clock (suprachiasmatic nucleus, SCN). In this study, electrophysiological techniques were used to explore the ionic underpinning of the reduced spontaneous neural activity in male mice. We found that SCN neural activity rhythms were lost early in the disease progression and was accompanied by loss of the normal daily variation in resting membrane potential in the mutant SCN neurons. The low neural activity could be transiently reversed by direct current injection or application of exogenous N-methyl-d-aspartate (NMDA) thus demonstrating that the neurons have the capacity to discharge at WT levels. Exploring the potassium currents known to regulate the electrical activity of SCN neurons, our most striking finding was that these cells in the mutants exhibited an enhancement in the large-conductance calcium activated K + (BK) currents. The expression of the pore forming subunit (Kcnma1) of the BK channel was higher in the mutant SCN. We found a similar decrease in daytime electrical activity and enhancement in the magnitude of the BK currents early in disease in another HD mouse model (Q175). These findings suggest that SCN neurons of both HD models exhibit early pathophysiology and that dysregulation of BK current may be responsible.
| INTRODUC TI ON
Huntington's disease (HD) is caused by an expanded trinucleotide repeat in the gene encoding the huntingtin protein (HTT) that results in degeneration within cortical and striatal tissues causing cognitive and motor deficits (McDonald, Ambrose, Duyao, Myers, & Lin, 1993) .
Specific patterns of cell loss and neuronal circuit alterations within hypothalamic tissues are thought to underlie non-motor symptoms such as sleep and mood disruptions (Halliday et al., 1998; Paulsen et al., 2006; Petersén & Björkqvist, 2006; Petersén et al., 2005; Wamelen et al., 2013) . Although motor symptom onset is requisite for the HD diagnosis (Ross & Tabrizi, 2011) , non-motor symptoms often appear earlier and are a prominent feature of the disease (Aziz, Anguelova, Marinus, Lammers, & Roos, 2010; Morton, 2013; Pallier et al., 2007; Paulsen & Conybeare, 2005; Wamelen et al., 2013) .
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melatonin secretion rhythms implicate circadian system dysfunction in HD, but the mechanism is not well understood (Aziz et al., 2009; Goodman et al., 2011; Kalliolia et al., 2014; Morton, 2013; Morton et al., 2005) .
The circadian system is composed of cell autonomous clock gene expression rhythms that are synchronized and adaptively phase aligned in tissues throughout the body by rhythmic output from the central circadian clock located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Kalsbeek et al., 2006; Mohawk, Green, & Takahashi, 2012) .The SCN's unique circuit properties allow it to generate robust and self-sustaining rhythms in clock gene expression and electrical activity using synaptic and peptidergic signaling mechanisms (Herzog, Hermanstyne, Smyllie, & Hastings, 2017; Welsh, Takahashi, & Kay, 2010) . Individual SCN neurons express rhythms in spontaneous firing rate (SFR), with high firing rates observed during the day and low rates at night (Webb, Angelo, Huettner, & Herzog, 2009 ). These SFR rhythms are driven by rhythmic expression of ionic currents that depolarize neuronal membrane potential toward action potential (AP) threshold during the day and hyperpolarize membrane potential to silence neurons at night (Allen, Nitabach, & Colwell, 2017) . Additionally, two key potassium (K + ) currents that regulate AP frequency include the fast delayed rectifier (FDR) (Itri, Michel, Vansteensel, Meijer, & Colwell, 2005; Kudo, Loh, Kuljis, Constance, & Colwell, 2011) , and big-conductance Ca 2+ activated K + (BK) currents (Cloues & Sather, 2003; Kent & Meredith, 2008; Meredith et al., 2006; Pitts, Ohta, & McMahon, 2006; Whitt, Montgomery, & Meredith, 2016) . These currents are critically involved in driving the circadian rhythm in AP frequency that defines SCN physiology.
Like other mouse models of HD (Loh, Kudo, Truong, Wu, & Colwell, 2013; Menalled et al., 2012; Morton et al., 2005) , the bacterial artificial chromosome transgenic mouse model of HD (BACHD) exhibits disrupted rhythms in sleep, activity, and physiology Kuljis et al., 2016; Schroeder et al., 2016) . Early in the disease progression (3 month of age), mutant dorsal SCN neurons lose their daily rhythms in electrical activity (Kudo, Schroeder, et al., 2011; Kuljis et al., 2016) , suggesting circadian behavioral deficits are caused by pathophysiology of the SCN. In this study, we first sought to determine whether the SCN firing rate deficits continue when GABA-mediated synaptic transmission is blocked, and whether the daily rhythms in resting membrane potential (RMP) and conductance are disrupted. Second, we tested whether mutant SCN neurons have the capacity of firing at a higher rate when depolarized with direct current injection or in response to exogenous N-methyl-d-aspartate (NMDA) treatment.
Thirdly, to identify mechanisms underlying aberrant electrical activity we assessed whether the mutation impacted the two main K + currents known to regulate SCN firing rate-the FDR, and BK currents, and measured gene expression levels of the BK channel subunits. Finally, we measured SCN firing rate and BK currents in a second HD model (the Q175 mouse) to determine whether our key pathophysiology findings could be observed across multiple HD mouse models.
| MATERIAL S AND ME THODS

| Animals and housing
The UCLA Animal Research Committee approved all experimental protocols used in this study, which followed guidelines and recommendations for animal use and welfare set by the UCLA
Division of Laboratory Animal Medicine and National Institutes of
Health. The BACHD model that we used in this study expresses the full length human mutant Htt gene encoding 97 glutamine repeats under the control of endogenous regulatory machinery (BACHD) (Gray et al., 2008) . Female BACHD dams backcrossed on a C57BL/6J background (minimum 12 generations) were bred with C57BL/6J (WT) males from The Jackson Laboratory (Bar Harbor, Maine) in our own breeding facility to obtain male and female offspring, either WT or heterozygous for the BACHD transgene. The Q175 mice arose from a spontaneous expansion of the CAG repeat in the CAG140 transgenic knock-in line (Menalled et al., 2012) . The Q175 mice have previously been shown to have around 175 CAG repeats and we used mice heterozygous (Het) and homozygous (Hom) for the Q175 allele. Mutant mice were obtained from the Jackson Laboratory (Bar Harbor, Maine) from a colony managed by the CHDI Foundation. Only male mice were used in this study.
Genotyping was performed at 15 days of age by tail snips, and after weaning, littermates were group housed by sex, until otherwise noted. All animals were housed in sound proof, humidity controlled chambers with controlled lighting conditions, using a 12 hr light, 12 hr dark cycle (12:12 LD, intensity 300 lux) for at least two-weeks prior to experimentation. For all experiments, a light meter (BK precision, Yorba Linda, CA) was used to measure light-intensity (lux).
We used male mice for these studies as we have previously demonstrated that there are sex differences in the circadian phenotype and SCN pathophysiology in the BACHD line .
Significance
We found decreased daytime electrical activity in the central circadian clock (SCN) in two mouse models of HD. The mutant neurons have the capacity to generate action potentials at a higher frequency in response to direct current injection or application of exogenous NMDA. Thus, the SCN neurons are still early in the degenerative process and rescue is still possible by treatments that alter intrinsic excitability or the balance of excitatory/inhibitory synaptic transmission. Finally, we found that the BK current was enhanced in the mutant SCN providing a possible mechanistic explanation for the low daytime electrical activity.
| Acute slice preparation
Methods for electrophysiology recordings were similar to those previously reported (Kuljis et al., , 2013 
| Action potential frequency
Following the formation of a high-resistance seal and going wholecell, the amplifier mode was switched from voltage-to currentclamp, and AP frequency, here defined as SFR, was recorded during the subsequent minute without any current injection. SFR was calculated using the total number of APs recorded over 60 s, unless otherwise noted. Drug treatments were performed by dissolving gabazine (10 μM; Tocris Bioscience, Minneapolis, MN) or NMDA (25 μM;
Tocris) in ACSF, and were delivered to the slice bath using a rapid gravity feed system. Slices were treated with gabazine alone for at 
| Resting membrane properties
Previous studies have shown that Per1::GFP SCN neurons show daily rhythms in multiple resting membrane properties (Kuhlman & McMahon, 2004) . A similar protocol was used to examine the in- were filtered for electrical interference before analysis (harmonics 1:1, 119 cycles to average, auto-reference frequency). Peak hyperpolarization (using five smoothing points) was identified for each current injection step, then averaged across replications. For all other voltage response metrics (hyperpolarization peak time, area, and slope of the response between 10% and 90% of its value), the average trace of the three replications was used. Cells which did not maintain a steady Vm between current injection treatments were excluded from analysis.
| K + currents
K + current magnitudes were examined in BACHD and WT littermate SCN neurons during the daytime (ZT4-6) in voltage-clamp mode.
After forming a high resistance seal, going whole-cell, and obtaining membrane parameters for the selected neuron, cells were held at −70 mV before treatment with a specific voltage-step protocol to activate the FDRor BK K + currents (protocol details below) twice per min. After baseline, current readings became stable (generally within 2 min), the current specific protocol was applied. All current magnitudes were normalized to cell capacitance.
FDR current was examined using a similar protocol as published previously (Farajnia et al., 2012; Itri et al., 2005) . FDR current was elicited by applying an inactivating −100 mV step (100 ms), followed by voltage-steps from −50 to 60 mV (10 mV step, 400 ms duration), BK currents were tested using methods similar to those previously published (Pitts et al., 2006) . Recording conditions were the same as those described above, except that internal solution contained EGTA (0.5 mM) so as not to interfere with calcium activation of the BK current. In addition, the BK current is sensitive to both voltage and intracellular Ca 2+ levels so these experiments were not performed in TTX which reduce Ca 2+ levels. In whole-cell mode, cells 
| Quantitative Real-time RT-PCR
The SCN from 3mo WT (n = 6) and BACHD (n = 7) were rapidly dissected and frozen in the daytime (ZT4-6). Real-Time PCR Detection System (Bio-Rad Laboratories). Reactions were set up using iQ SYBR Green Supermix (Bio-Rad Laboratories), QuantiTect Primer Assay (Qiagen, Valencia, CA), and performed in duplicate as previously described (Ghiani et al., 2011; Schroeder et al., 2016) . Negative controls (samples in which the reverse transcriptase was omitted) were amplified individually using the same primer sets to ensure the absence of genomic DNA contamination.
Amplification specificity was assessed by melting curve, while standard curves made from serial dilutions of control RNA were used for quantification. Expression standardization was done using the geo- 1.228 ± 0.03333) did not differ between genotypes (t-test, p > 0.05).
| Statistics
Mice were randomly assigned to different experimental and control groups. Scientists masked as to the experimental condition carried out the analysis of the experimental data. Sample size was initially determined by power analysis using Sigmaplot (SYSTAT Software, San Jose, CA) with power set at 0.8 and alpha at 0.05. Data was excluded if the neuron did not exhibit properties of a live cell including exhibiting a RMP and the ability to generate an action potential.
Outliers are defined as values which were twice the standard deviation or more from the mean and are removed before analysis. 
| RE SULTS
| Reduced daytime electrical activity in SCN neurons from BACHD
Previously we have reported that BACHD SCN neurons lose their rhythm in electrical activity due to depression of daytime SFRs (Kudo, Schroeder, et al., 2011) . Here, we re-examined and extend our understanding of this finding. As expected at baseline (Figure 1a ,c), (Table 1) .
The APs recorded from the BACHD neurons exhibited significantly larger after spike hyperpolarization (AHP) area compared to controls although the peak amplitude of the AHP did not vary between genotypes. The measurements associated with AP amplitude or rise were not altered (Table 1) . Thus, early in the disease progression, BACHD SCN neurons exhibit clear deficits in neural activity. 
| Current injection restored SFR to BACHD dSCN neurons
During the day in an active slice dSCN BACHD neurons exhibited a slightly hyperpolarized Vm with reduced electrical activity during the day. It is possible that the membrane hyperpolarization is responsible for the reduced electrical activity and, thus, we examined the possibility that direct current injection could rescue the firing rate. Positive current was directly injected into WT and BACHD neurons (Figure 3a,b) . For all WT and BACHD neurons examined, progressively larger current injection steps (0, 5, and 10 pA steps, 1 min duration) caused significant increases in interspike Vm relative to the previous current step. For example the 10 pA injection depolarized the WT RMP by 5.2 ± 0.7 mV (paired t-test, t (6) = −10.573, n = 7, p = 0.00004) and the BACHD RMP by 5.5 ± 0.7 mV (t (10) = −4.810, n = 11, p = 0.0007). In WT neurons, the current injection and resultant membrane depolarization only increased firing less than half of the neurons examined (3/7) and overall there was no significant change in SFR (paired t-test, t (6) = 1.747, n = 7, p = 0.131). In contrast, in the mutant neurons, the current injection increased firing in all neurons examined (11/11) and significantly increased SFR (paired t-test, t (10) = −5.287, n = 11, p = 0.0003; Figure 3b ). Next, we sought to determine whether activation of the NMDA class of glutamate receptors could also rescue firing rate. Exogenous NMDA (25 µM, 5 min) was applied in the bath during the day to WT and BACHD dSCN neurons (Figure 3c,d) , and increased the SFR of both BACHD and WT neurons to a similar degree (WT: +2.7 ± 0.9 Hz; BACHD: +3.0 ± 1.0 Hz). SFR was affected by genotype (F (1,54) = 34.6, n = 55, p < 0.001) and treatment (F (1,54) = 15.5, n = 55, p = 0.001), but not by their interaction (F (1,54) = 1.7, p = 0.19). The average firing rate of BACHD neurons treated with NMDA (5.4 ± 1.4 Hz) was still below WT control levels (6.7 ± 0.8 Hz) but was no longer significantly different (t (25) = 1.22, p = 0.234, Figure 3e ). Thus, both direct current injection and treatment with NMDA successfully restored SFRs of BACHD neurons to WT levels and demonstrated that the mutant neurons still have the capacity to generate APs at a higher rate.
| K + currents altered during the daytime in
BACHD dSCN
Two K + currents that play an important role in mediating fast daytime firing rates in SCN neurons include the FDR and BK currents 65.7 ± 9.8 pA/pF, t (38) = 3.1, n = 40, p = 0.002; VC +80 mV : WT = 50.3 ± 5.3 pA/pF, BACHD = 75.1 ± 11.9 pA/pF, t (38) = 3.7, n = 40 p < 0.001). Since the BK current has been shown to play an important role in regulating firing rate and Vm in SCN neurons (Whitt et al., 2016) , the enhancement of the BK current provides a plausible explanation for the decreased spontaneous activity found in the mutant SCN neurons.
| An increased expression of the pore forming subunit was observed in the BACHD mutants
BK channels are composed of alpha (Kcnma1) Next, we sought to determine if direct current injection into the SCN neurons could overcome the decreased SFR in the Het Q175 mice. Using current-clamp recording in the whole cell patch configuration, we injected a current of 5 pA in dSCN neurons. Current injection increased SFR in both WT (Pre: 3.9 ± 0.7 Hz, Injection:
12.9 ± 1.0 Hz; paired t-test, t (13) = −12.142, n = 14, p < 0.001) and Het Q175 mice (Pre: 1.9 ± 0.3 Hz, Injection: 6.6 ± 1.1 Hz, t (13) = 5.811, n = 14, p < 0.001) (Figure 6b ). These results demonstrated that SCN neurons from Het Q175 mice still had the capacity to generate APs at the normal frequency. pA/pF, t (13) = 6.035, p < 0.001) steps. Thus, the Q175 HD model exhibits low daytime electrical activity with enhanced BK currents as described in the BACHD model.
| D ISCUSS I ON
The characteristic spontaneous rhythmic neural activity of central circadian clock located in the SCN is compromised in the BACHD mouse model (Kudo, Schroeder, et al., 2011; Kuljis et al., 2016) . In the present study, we sought to identify the ionic mechanisms underlying depressed daytime SFR and the loss of electrical activity Overall, BACHD SCN neurons displayed the ability to generate APs at WT levels with both excitatory treatments, suggesting interventions that increase excitatory drive to the SCN or changes in intrinsic excitability during the day may be helpful for improving circadian system function. K + currents critical for determining spiking rates of SCN neurons include the FDR and the BK currents (Allen et al., 2017; Colwell, 2011) . During the daytime in BACHD SCN, when the greatest effects of excitation on SFR were observed, we found the FDR current was unaltered (Figure 4a,c) , while the BK current was enlarged at positive Vm's (Figure 4b,d ). The later finding is consistent with AP-driven enhancement of K + conductances. Prior work by
Meredith and colleagues indicate that the BK current is a critical regulator of both daytime firing rate and Vm (Meredith et al., 2006; Montgomery & Meredith, 2012; Whitt et al., 2016) , with currents typically active during AP repolarization and AP afterhyperpolarization. The larger AP afterhyperpolarization area (Table 1) The daily peak of SFR in SCN neurons is reduced in Het and Hom Q175 mice. Using the current-clamp recording technique in the whole-cell configuration, we measured the SFR in dSCN neurons during the day (ZT5-7) and night (ZT17-19). Bar graphs plot the mean and SEM for each of the groups. Scatter plots show values for the individual dSCN neurons: WT (white circles, day, n = 10; black circles, night, n = 23); Het Q175 (white upward triangles, day, n = 21; black upward triangles, night, n = 17); Hom Q175 (white downward triangles, day, n = 22; black downward triangles, night, n = 23). The data were analyzed using two-way ANOVA with genotype and time as factors. The Q175 dSCN neurons did not exhibit the day/night difference in SFR seen in WT neurons. * = significant difference between genotypes; # = significant difference between day and night. (b) Current injection (5 pA) increased the firing rate in the SCN in WT and Het Q175 mice (n = 14 per genotype), but the increase seen in WT is significantly larger than that measured in the Het Q175. Symbols show mean ± SEM of the firing rate before, during, and after current injection. Differences in firing rate before and after treatment was evaluated using a paired t-test. (c) BK currents measured in Het Q175 dSCN neurons (n = 9) were significantly larger than those in WT (n = 6) during the day (ZT5-7). Symbols and error bars represent means ±SEM. Two-way ANOVA was used to identify significant effects of genotype and/or voltage step magnitude on evoked currents. There were significant effects of genotype on the BK current at the 60 and 80 mV steps. * = significant difference between genotypes & Brenner, 2011). Rhythmic transcription of BK channel subunits is an essential mechanism underlying rhythmic BK current regulation in SCN (Montgomery, Whitt, Wright, Lai, & Meredith, 2013) .
HD associated transcription dysregulation, including increased CRE-mediated transcription, has previously been shown (Obrietan & Hoyt, 2004; Sugars & Rubinsztein, 2003) , and considering CREB (Ariano et al., 2005; Dallerac et al., 2015; Sebastianutto, Cenci, & Fieblinger, 2017) , but these studies generally found a reduction in K + currents that resulted in membrane depolarization and did not explore BK currents specifically. More work is required to determine whether alterations to BK currents are a common feature of neural circuits affected by the HD causing mutation and future studies utilizing genetic manipulation of the levels of the BK subunits would be very helpful to clarify these issues. Our findings are consistent with the possibility that the larger BK current seen in SCN of BACHD and Q175 mice is a critical piece of the circadian pathology observed in these mutants.
Aged mice show reduced amplitude activity and physiological rhythms as well as increases in behavioral circadian rhythm period and fragmentation similar to those exhibited by young presymptomatic BACHD mice (Farajnia, Deboer, Rohling, Meijer, & Michel, 2014; Nakamura et al., 2011; Valentinuzzi, Scarbrough, Takahashi, & Turek, 1997) . Aged SCN also exhibits reduced amplitude of SFR rhythms (Farajnia et al., 2012; Nakamura et al., 2011) , reminiscent of the phenotype observed in BACHD SCN. Prior work indicates that in aged SCN, BK currents are reduced during the nighttime, and this effect is associated with diminished AP afterhyperpolarization, depolarized RMP, widened AP, and increased intracellular Ca 2+ levels (Farajnia, Meijer, & Michel, 2015) . While there are clearly differences between the findings in aged (>23 months) and BACHD (~3 months) SCN pathophysiology, these findings suggest alterations of BK currents may elicit inappropriate neuronal activity in the SCN.
Among the mouse models of HD, the heterozygote (Het) Q175
offers advantages of single copy of the mutation, genetic precision of the insertion and control of mutation copy number (Pouladi, Morton, & Hayden, 2013) . Prior work with this model has demonstrated that the Q175 line exhibits age-dependent disruptions in motor performance (Heikkinen et al., 2012; Menalled et al., 2012) as well as circadian behavior (Cutler et al., 2017; Loh et al., 2013) when compared to WT. In the present study, we sought to confirm our principle findings in the BACHD model with the Q175 model ( Figure 6 ). The fact that these key observations were exhibited by two unrelated mouse models strengthens our argument that SCN pathophysiology is a fundamental symptom of HD.
In summary, disturbances in the timing of the sleep/wake cycle are a well-established symptom of HD and other neurodegenerative diseases. These behavioral symptoms raise questions about the mechanisms underlying these disturbances and the possible involvement of the circadian system. Using mouse models, we
have been able to demonstrate that the neurons within the central circadian clock (SCN) exhibit pathophysiology early in disease progression Kuljis et al., 2016; present study) . Notably, these findings do not preclude the involvement of other well-known structures involved in HD, such as the basal ganglia, in eliciting a disrupted circadian output. The dysfunction found in the circadian system of multiple models does however raise the question of whether it is possible to ameliorate the symptoms and, in the end, to "treat" HD and other neurodegenerative diseases using environmental manipulations designed to improve circadian rhythms and enhance the sleep/wake cycle by increasing excitatory drive onto SCN (Morton, 2013; Schroeder & Colwell, 2013) . Prior work using the R6/2 HD model found that a combination of bright-light therapy and scheduled voluntary exercise was beneficial in delaying disease symptoms (Cuesta, Aungier, & Morton, 2014) , and more recently that exposing the Q175 model to blue-wavelength enhanced lighting and time-restricted feeding (Wang et al., 2018) was similarly beneficial in delaying symptom progression. Since behavior changes may be difficult to implement, it is also important to develop pharmacological treatments. In HD models, timed administration of GABA A -R agonists (Pallier et al., 2007) as well as a blocker of histamine receptor type 3 blocker (Whittaker, Wang, Loh, Cachope, & Colwell, 2017 ) have proven to be beneficial. Thus, preclinical HD models are proving to be advantageous for exploring disease mechanisms and the impact of circadian treatments and therapies on disease progression.
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